BACKGROUND: Hemorrhagic myocarditis is a potentially fatal complication of excessive levels of systemic inflammation. It has been reported in viral infection, but is also possible in systemic autoimmunity. Cardiac magnetic resonance (CMR) imaging is the current gold standard for non-invasive detection of suspected inflammatory damage to the heart and changes in T 1 and T 2 relaxation times are commonly used to detect edema associated with immune cell infiltration and fibrosis. These measurements also form the basis of the Lake Louise Criteria, which define a framework for the CMR-based diagnosis of myocarditis.
1) Introduction
Immune-mediated damage to the heart may occur as the result of a variety of underlying conditions including infectious disease, exposure to toxins, chemotherapeutic agents, immune checkpoint inhibitors and systemic inflammation due to autoimmune diseases. Besides a range of viruses known to cause severe hemorrhagic fevers, viral myocarditis can also be a complication of more common viruses, including most prominently coxsackie virus (1), adenovirus (2) or influenza (3) . In rare cases, these can trigger excessive systemic inflammation and bleeding, which may manifest as hemorrhage in internal tissues and organs, including the heart. Several incidences of cardiac hemorrhage due to viral myocarditis have been described. Patchy cardiac hemorrhage has been detected in autopsy cases after myocarditis associated with swine-origin influenza (4) (5) . Acute hemorrhagic pericarditis due to Chlamydophila pneumoniae was diagnosed in a pediatric pneumonia patient (6) and post-mortem cases of hemorrhagic myocarditis due to adenovirus infection have been reported (7) . Acute hemorrhagic myocarditis has also been identified in a patient with systemic lupus erythematosus (8) .
In addition, despite clearance of the initial viral insult, inflammation may persist due to the development of self-directed immune responses leading to persistent inflammatory 3 cardiomyopathy characterized by myocardial contractile dysfunction similar to dilated cardiomyopathy (9) .
Although, clinically detected cardiac hemorrhage may be considered a rare occurrence in myocarditis or systemic inflammatory autoimmune conditions (8) , inflammatory effects on hematological parameters and vasculature may cause subclinical vessel damage and red blood cell extravasation which may need to be considered for accurate diagnosis. Cardiac magnetic resonance (CMR) imaging allows for non-invasive in vivo tissue characterization and is used to directly inform on cardiac involvement in a range of diseases (10) (11) .
In this study, we further characterized the phenotype of acute cardiac hemorrhage in a mouse model of the autoimmune disease systemic lupus erythematosus (SLE) induced by application of the TLR-7 agonist Resiquimod (12) . We made use of CFN mice, which we recently described to be highly susceptible to acute early inflammatory damage and subsequent inflammatory cardiomyopathy (13) . We established a protocol of contrast agent free CMR parametric mapping for the detection of diffuse immune-mediated damage, taking into account a potential presence of hemorrhage.
2) Materials and Methods
Mice and in vivo treatment: All mouse procedures were approved by the Imperial College Governance Board for Animal Research and in accordance with the UK Home Office Animals (Scientific Procedures) Act 1986 and Directive 2010/63/EU of the European Parliament on the protection of animals used for scientific purposes. Experimental mice were 10-12 week old littermates. They were housed in individually ventilated cages in temperature-controlled facilities on a 12 hour light/dark cycle on standard diet. The mouse line used in these studies was derived from a triple cross between C57BL/6J, FVB/NJ and NOD/ShiLtJ parental lines (CFN line) and displays high sensitivity to TLR-7 agonist Resiquimod (R848, Sigma-Aldrich, Dorset, UK) treatment (13) . Treatment with Resiquimod was performed by topical application (100 μ g/30 μ l per 30 g body weight in 1:3 ethanol:acetone) to the ear three times a week as previously described (13) . Precise k-space trajectory measurement is crucial to obtain good quality images when radial encoding is employed (16) . Consequently, in this study, the radial trajectories were acquired in vivo from the signal of off-centered spins measured while playing out the gradient shapes in X, Y and Z directions, and measuring the phase difference of the retrieved signal (16) . To ensure that the measured trajectory is identical to the actually used imaging gradients, the ADC delay and the ramp-up shape of the readout gradient were included in the trajectory calibration. To improve the accuracy of the in vivo trajectory measurement, we used 12 averages and ECG triggering. A pixel wise T 2 * mono-exponential fit was performed on the multiple echo T 2 * w-UTE images using Segment 2.0 (Segment, Medviso) (17) .
CMR:
CMR Data analysis: Regional tissue characterization was performed on the T 1 , T 2 and T 2 * maps after partitioning the left ventricle wall based on the 16-segmentation model as per recommendations by the American Heart Association (six segments for basal and mid-levels, four segments for the apex) (18) . Epicardial and endocardial contours were traced manually to define the myocardial wall of each animal (19) . Particular care was taken to avoid signal contamination from the LV blood pool by excluding the innermost 5% of the myocardial Mann-Whitney test was used for scoring data, and one-or two-tailed unpaired or paired Student's t-tests were performed as appropriate for parametric data.
3) Results

3.1) TLR-7 agonist Resiquimod induces severe pan-cardiac hemorrhage.
As shown previously (13), Resiquimod-treatment induced patches of cardiac hemorrhage which were severe enough to be macroscopically visible on the surface of the heart in the majority of treated CFN mice ( Figure 1A, B ). Histopathological examination reveals immune cell infiltration, edema, cardiomyocyte damage and accumulation of red blood cells (RBC) between myocardial fibers ( Figure 1C ). Microscopically, RBC extravasation into the surrounding tissue is evident in all treated mice ( Figure 1C , graph). Resiquimod-treated mice also develop clinical hematological manifestations including thrombocytopenia and anemia ( Figure 1E ) after only two weeks of treatment.
3.2) Native CMR T 1 and T 2 tissue mapping does not conclusively correlate with
inflammatory cardiac damage in Resiquimod-treated mice. 8 Resiquimod-induced systemic inflammation leads to myocarditis as assessed by histopathology ( Figure 2A ). We therefore initially set out to measure cardiac inflammatory damage parameters (infiltration/edema and fibrosis) by classical CMR T 1 and T 2 relaxation times. Global T 1 and T 2 values obtained by CMR imaging were extracted from the mid slice for comparison with histopathological changes in corresponding histology sections ( Figure   2B ). Global histopathological damage scores showed mild changes compared to baseline values for inflammatory infiltration and negligible changes in collagen deposition were observed in Resiquimod-treated compared to untreated animals due to the acute stage of disease ( Figure 2C ). Global T 1 values show a significant decrease (T 1 = 1128 ± 121 ms, p=0.017) compared to myocardial tissue of untreated mice (T 1 =1505 ± 18.5 ms) whereas T 2 did not significantly change compared to controls (28.5 ± 0.5 ms vs 27 ± 3 ms) ( Figure 2D ).
These findings suggest that average values over the mid slice reflect an average between damaged and healthy areas, which may reduce sensitivity of detection. Severity of damage was most evident when regional analysis was performed on each of the 12 segments selected as described above (Figure 2E ). Histopathological findings showed that the intra-ventricular septum and sub-epicardial areas are most severely affected, while LV free wall and subendocardium show mild damage only. Similarly, CMR imaging detected a significant drop of sub-epicardial T 1 values in the Resiquimod-treated mice particularly in the anterior septum.
Regional T 2 values showed no significant change, except for the inferior septum ( Figure 2F) were values decreased. Despite a seemingly similar spatial distribution pattern between changes in regional T 1 and T 2 values and corresponding histopathological scores (Figure 2E , 2F), pairwise Pearson's correlation between CMR values and histopathology was mild but significant for T 1 (infiltration: -0.384, fibrosis: -0.428) and not significant for T 2 (infiltration: -0.109, fibrosis: 0) ( Figure 2G , Table 1 ). For example, native T 1 values decreased significantly in the intra-ventricular septum and along the entire sub-epicardium, which is contrary to the expected increase due to histologically observed immune cell infiltration ( Figure 2E, 2F ).
3.2) Regional T 1 and T 2 mapping is strongly influenced by iron deposition in the tissue
The finding that regional T 1 and T 2 values did not correspond well with histopathological scores prompted us to further assess their relationship. In the presence of edema/infiltration water content within the tissue is increased and T 2 is expected to increase. Indeed, we identified areas of high T 2 values (bright contrast in T 2 map) which corresponded to areas of inflammatory infiltration and edema in H&E histology ( Figure 3A, box A2 ). Yet, other areas 9 with comparable levels of immune cell infiltration as per histology, showed unchanged or even decreased T 2 values ( Figure 3A , box A1). Fibrosis, has been suggested as another parameter to increase T 2 values (23), however as levels of fibrosis were negligible and evenly distributed across the hearts due to disease stage, fibrosis was rejected as likely factor to cause differences in T 2 values across the heart.
The second dominant histopathological phenotype in hearts of Resiquimod-treated CFN mice, is the substantial accumulation of interstitial erythrocytes, which lead us to investigate iron deposition in the hearts. There was indeed a significant level of iron deposition in areas of particularly low T 1 and T 2 values ( Figure 3B , box A1), while areas with less iron yielded increased T 2 values in the presence of inflammation ( Figure 3B , box A2).
Histograms of T 1 and T 2 signal distribution were computed from the anterior septum (A1) and anterior lateral (A2) wall ( Figure 3C ). The signal distribution of T 1 mapping indices enabled a clear discrimination between regions of healthy myocardium and areas with high iron content (A1). T 2 signal distribution behaved similarly confirming the dominant effect of iron in reducing T 1 and T 2 relaxation times.
In tissue areas with infiltration, but without iron deposition (A2), T 1 showed high accuracy by not picking up the influences of T 2 relaxation (24) and was characterized by a slightly more dispersed signal distribution compared to controls. T 2 histograms presented a broader signal distribution with moderate increase of mean values compared to healthy control areas proving the sensitivity of T 2 mapping to detect edema and cellular infiltrate only in areas without iron deposition.
In summary, iron deposition was the main reason for the observed decrease in T 1 and T 2 relaxation times. Tissue areas lacking iron deposits follow the classical paradigm that T 1 detects fibrosis and T 2 detects edema/cell infiltration.
3.3) An optimized T 2 * mapping approach reveals iron deposition which impacts on T 1 and T 2 values
Due to its high sensitivity to paramagnetic iron, T 2 * mapping has become the gold standard CMR measure to detect and quantify iron storage molecules (ferritin and hemosiderin) deposited in tissue (25) . However, the LV free wall is usually excluded from T 2 * measurements because of large magnetic susceptibility artefacts caused by the proximity to the air-filled lung. A remedy to reduce this susceptibility-induced fast T 2 * decay is the application of an ultra-short echo time (UTE) readout instead of the conventional gradientecho readout (26).
0
Using this approach, we obtained artefact-free T 2 * maps with full coverage of the intraventricular septum and free wall at apical, mid and basal level of the mouse heart. An example of the high-quality T 1 , T 2 and T 2 * maps acquired in healthy controls is shown in Supplementary Figure 1 .
RBC extravasation and iron accumulation increased in Resiquimod-treated mice, and global T 2 * values dropped significantly (3.7 ± 0.2 ms, Figure 4A ). Perls Prussian Blue staining showed a significant increase in tissue iron in myocardial regions with low T 2 Figure 4D ).
Correlation analysis between regional T 2 * and histopathological parameters was performed and showed strong negative correlations with degree of iron deposition (-0.812), RBC extravasation (-0.685), infiltration (-0.619) and fibrosis (-0.703) ( Figure 4E ). Table 1 summarizes the correlation of all regional MRI indices to the respective histopathological findings. Most importantly, correlation between T 2 * values and regional iron deposition scores is very strong and highly significant. T 1 and T 2 correlation with iron are -0.413 and -0.277, respectively. Correlation between T 2 * and other damage parameters is lower and might be affected by a knock-on effect from their own correlation with iron deposition. Notably, neither T 1 , T 2 or T 2 * values changed in the liver of the same animals (Supplementary Figure   2 ), suggesting that inflammatory damage and hemorrhage are specific to the heart.
4) Discussion
Cardiac hemorrhage is, albeit considered rare, a potentially fatal complication of acute myocarditis (3). However, to date, a diagnosis is often only obtained post-mortem.
Underlying mechanisms leading to hemorrhage in some myocarditis patients but not in others and implications on patient survival and subsequent development of inflammatory cardiomyopathies are not well understood. In addition, acute myocarditis may be a trigger for an aberrant autoimmune reaction against the heart (27) and it is feasible that severity of 1 1 hemorrhaging, acute tissue damage and subsequent autoimmunity are correlated. In the brain, hemoglobin-derived iron plays a major role in secondary damage following hemorrhage (28) and iron-overload cardiomyopathy is caused by iron deposition in the tissue, induction of cardiomyocyte cell death and an ensuing inflammatory reaction (29) . A recent study on experimental myocarditis in mice, detects iron deposits in CVB3-infected cardiomyocytes (30) , suggesting that tissue deposition of iron in the heart may be a more prominent process during pathological inflammatory processes than previously appreciated.
CMR is the current gold standard for non-invasive detection of myocarditis and changes in T 1 and T 2 relaxation times are commonly used to detect parameters of inflammatory damage in the heart including edema, immune cell infiltration and fibrosis. Figure 5 illustrates how pathological changes in tissues affect CMR parameters measured as part of the Lake Louise criteria (LLC), which represent the first attempt to define a non-invasive diagnostic framework for myocarditis (31) . The LLC protocol includes: (i) T 2 weighted images to detect myocardial edema by measuring the myocardial T 2 intensity change normalized to skeletal muscle (T 2 -STIR), (ii) early gadolinium enhancement (EGE) to detect reactive hyperemia, and (iii) late gadolinium enhancement (LGE) to assess tissue injury and/or fibrotic remodeling. In comparison, the approach taken in this study includes the measurement of potential hemorrhage/iron deposition, which strongly influences T 1 and T 2 and may complicate interpretation based on these parameters only. Yet, CMR-based detection of iron is performed routinely in patients with suspected cardiac iron overload (11) and β thalassemia (32) . A CMR imaging approach to detect myocardial iron in a mouse model of β thalassemia has been reported recently (33) .
The mouse model used in this study has previously been described at chronic stage as a model of systemic autoimmunity (12) . Yet, in the early acute phase it is likely to more closely mimic physiological responses to a viral infection due to the stimulation of the TLR-7 pathway. TLR-7 is a pattern recognition receptor involved in recognition of single-stranded RNA of viral origin thus crucial in host defense against viral infections (34) . It is conceivable, that artificial over-activation of this virus defense system may cause the same phenomena as seen in severe complications of viral infection. This may include disseminated intravascular coagulation (DIC) due to acute systemic platelet activation leading to thrombocytopenia and internal hemorrhage (35) . Notably, in an lymphocytic choriomeningitis virus (LCMV)-infection model, it was shown that only a severe drop in platelet count of more than 85% is necessary to cause hemorrhages (36) and even severely thrombocytopenic mice only develop local hemorrhages at sites of inflammation (37), which 1 2 might explain the cardiac specificity of hemorrhages in Resiquimod-treated CFN mice.
Systemic tissue damage incurred during this acute inflammatory phase, may then trigger the subsequent chronic autoimmune response observed in Resiquimod treated-mice. Both viral infections and tissue damage are known triggers of autoimmunity (38) .
Using parametric CMR imaging, we demonstrate the feasibility to detect diffuse inflammatory infiltration and edema in mice with acute cardiac inflammation, and identify the presence of interstitial iron as a result of hemorrhage, which is paralleled by a significant reduction of T 1 and T 2 relaxation times. Based on the above, we have identified two main Notably, the relaxation times reported in this study will be different at the lower magnetic field strengths typically used in the clinic (i.e. 1.5T, 3T). Specifically, T2 relaxation times are longer, whereas T1 relaxation times are expected to shorten with decreasing magnetic field strength. T2* is influenced by the local magnetic susceptibility of interstitial iron and this effect is weaker with lower clinical field strength. This results in increased T2* values compared with preclinical CMR systems with higher magnetic field strengths. Based on this, clinical CMR systems may be more sensitivity to detecting edema (T2) and less sensitive to iron deposits measured by T2*, which may make the influence of iron on T2 measurements less pronounced.
In summary, the CMR protocol established in this study allows for detailed characterization of diffuse inflammatory damage in the mouse myocardium and controls for potential hemorrhage and iron deposition. Importantly, multi-parametric measurements of myocardial relaxation properties based on T1, T2 and T2* mapping is also a potential clinical strategy for 1 3 the detection of diffuse immune-mediated damage, which also controls for the presence of hemorrhage. 
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Figure Legends
The approach proposed in this study and optimized on Resiquimod-treated mice with hemorrhagic myocarditis, provides a contrast-agent free CMR protocol able to detect inflammatory damage and allows correct interpretation of pathology despite potential interference from iron with the traditional T1 and T2 measures. In this model, edema increased, while iron decreased T2 relaxation times, and values appeared unchanged in the presence of both edema and iron due their opposing effects. Native T1 did not change in the presence of edema, and decreased in the presence of iron. It is expected to increase in the presence of fibrosis. T2* is strongly decreasing in the presence of iron and is not expected to change significantly in response to edema or fibrosis. Potential iron deposition and inflammatory damage to the liver in Resiquimod treated mice was assessed by T 1 , T 2 and T 2 * measurements in MRI. 
